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Abstract
The ability to understand speech relies on accurate auditory processing of complex sounds. Individuals with
Parkinson’s disease suffer from speech perception deficits, suggesting that dopamine is involved in the encoding
of complex sounds. Recent studies have demonstrated that dopamine has heterogeneous effects on the
responses of many neurons in the inferior colliculus (IC) of mice, although the strongest effect is to suppress
neural activity. However, it was previously unknown which dopamine receptors are involved in modulating
neuronal responses, and whether the observed preponderance of depressive effects reflects the endogenous
dopamine system in the IC. In this study, we tested whether dopamine acts via D1- and/or D2-like receptors to
alter responses of IC neurons in female and male mice. We also tested the effect of optogenetically induced
dopamine release on auditory responses in the IC. We found that the effects of dopamine in the IC occur via
D2-like receptors. In iontophoretic and freely behaving experiments, the single-unit and multi-unit effects of
dopamine and a D2-like agonist were heterogeneous as both either increased or decreased responses of IC
neurons to tones, while a D2-like antagonist had opposite effects. We also found that optogenetic activation of
the endogenous dopamine system in the IC alters responses of auditory neurons. Similar to the effects of
exogenous dopamine application, optogenetic induction of endogenous dopamine release heterogeneously
altered auditory responses in the majority of cells in mice expressing channelrhodopsin-2 (ChR2). Understanding
how dopamine modulates auditory processing will ultimately inform therapies targeting mechanisms underlying
auditory-related communication disorders.
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Significance Statement

Understanding the neural mechanisms of normal and disrupted sound processing is a fundamental goal of
auditory research. In this study, we examine the neuronal effects and underlying cellular and synaptic
actions of dopamine on auditory processing in the auditory midbrain of normal-hearing mice. Our results
increase our mechanistic understanding of auditory processing of sounds and how this encoding may
change with different contexts, physiologic states, and disorders such as Parkinson’s disease. Understand-
ing the mechanisms underlying normal dopaminergic modulation will help guide novel diagnostic and
therapeutic approaches for disorders associated with abnormal dopamine signaling. Additionally, these
studies using mice with normal hearing will facilitate future use of genetically modified mouse strains to
target specific communication and neurologic disorders.
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Introduction
Communication through speech and language is a hall-

mark of human society and being unable to communicate
can rapidly lead to social isolation and a high risk of
depression (Medina and Weintraub, 2007; Monzani et al.,
2008; Li et al., 2014; Dawes et al., 2015). Understanding
language depends on appropriate extraction, differentia-
tion, and representation of speech sounds by the auditory
system (Belin et al., 2000; DeWitt and Rauschecker,
2012). However, communication disorders can arise from
disruptions in the way individual neurons process sounds
or in the ways neurons interact with each other. For
example, when there is less of the neuromodulator dopa-
mine in the brain, as occurs in individuals with Parkinson’s
disease, neuronal responses to sound are altered and this
results in speech processing disorders. Individuals with
Parkinson’s disease have difficulties processing the tim-
ing (Gräber et al., 2002), loudness (Dromey and Adams,
2000; Ho et al., 2000), and emotional prosody (Dara et al.,
2008; Schröder et al., 2010) of speech sounds, and even
have problems determining speaker identity (Ariatti et al.,
2008) and processing semantic information (Angwin et al.,
2006). Combined, these studies support the notion of
deficient speech processing in Parkinson’s patients, par-
ticularly in the dimensions of speech perception critical for
everyday communication. Therefore, it is important to
understand how dopamine normally regulates auditory
processing to ultimately develop therapies to alleviate
auditory disorders associated with dopamine.

Dopaminergic inputs and receptors reside in multiple
auditory structures, including the inner ear, auditory brain-
stem, auditory thalamus, and auditory cortex (Bender
et al., 2010; Happel et al., 2014; Toro et al., 2015; Nevue
et al., 2016b). The primary auditory nucleus in the mid-
brain, the inferior colliculus (IC), also is rich in both dopa-
minergic fibers (Paloff and Usunoff, 2000; Tong et al.,
2005) and D2-like dopamine receptors (Wamsley et al.,
1989; Weiner et al., 1991). Moreover, dopamine injection
into the IC affects auditory-evoked behavioral responses
(Satake et al., 2012; Muthuraju et al., 2014; de Oliveira
et al., 2014), indicating a functional role of dopamine in
auditory processing in the IC. Recent studies have dem-
onstrated that the sole source of dopaminergic input to

the IC is the subparafascicular nucleus (SPF) of the thal-
amus (Nevue et al., 2016a), part of the A11 dopaminergic
cell group (Takada et al., 1988). Although the SPF re-
ceives input from a variety of auditory structures, includ-
ing the auditory cortex, auditory thalamus, the superior
olivary complex, and the external and dorsal cortices of IC
(LeDoux et al., 1985; Yasui et al., 1992; Wang et al., 2006),
it is not known whether the SPF responds to sound.
However, stimulation of SPF neurons evokes endogenous
dopamine release in the IC (Batton et al., 2018). In addi-
tion, exogenous dopamine application has heteroge-
neous physiologic effects on IC neuronal responses to
sound (Gittelman et al., 2013), but it remains unclear how
dopamine produces these effects.

In this study, we tested whether (1) the heterogeneous
effects of exogenously applied dopamine are also seen
following activation of the endogenous dopamine system
in the IC of mice, and (2) whether dopamine acts via
D1-like and/or D2-like receptors to alter auditory re-
sponses of IC neurons. We compared the effects of ex-
ogenous dopamine application via iontophoresis with the
effects of optogenetically induced endogenous dopamine
release on response properties of single IC neurons. We
also analyzed the effects of dopamine receptor subtype
agonists and antagonists on single-unit and multi-unit
responses in restrained and freely behaving mice. We
found that both optogenetic stimulation of the endoge-
nous dopamine system and exogenous dopamine appli-
cation produce heterogeneous effects. We also found that
D2-like receptors mediate the effects of dopamine on
responses of IC neurons, and that the dopamine system
actively modulates auditory processing in the IC. While
the function of normal dopamine signaling in the IC is not
well understood, our results provide a crucial first step
toward understanding how dopamine exerts its effects on
auditory processing, which may guide development of
therapies for disordered dopamine signaling underlying
communication-related and auditory-related neurologic
disorders.

Materials and Methods
Subjects

We tested auditory responses in the central nucleus of
the IC of 38 female and 37 male mice 1.5–7.5 months of
age. Mice were group-housed in a vivarium with same-
sex littermates on a reversed 12/12 h light/dark cycle
schedule, and had ad libitum access to food and water.
We performed all animal care and use procedures in
accordance with the National Institutes of Health Guide
for the Care and Use of Laboratory Animals, and the
Institutional Animal Care and Use Committee of Washing-
ton State University, an AAALAC-accredited research in-
stitution. Beginning time of experiments in Zeitgeber time
(ZT), where ZT0 � lights on and ZT12 � lights off, was
approximately ZT17. Experimental sessions lasted no �5
h, and each mouse was used for one to four recording
sessions. We monitored mice frequently, and if signs of
distress were observed, the experiments were terminated.
All founder breeder mice were purchased from The
Jackson Laboratory. For iontophoretic and freely be-
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having experiments, we used CBA/CaJ mice (29 fe-
males and 29 males). For optogenetic experiments, we
generated mice expressing the H134R variant of
channelrhodopsin-2 (ChR2) selectively driven by the DA
transporter (DAT) promoter of DA neurons by crossing
B6.SJL-Slc6a3tm1.1(cre)Bkmn/J (DAT::Cre) heterozygous
mice with B6;129S-Gt(ROSA)26Sortm32(CAG-COP4�H134R/

EYFP)Hze/J (Ai32(ChR2-YFP)) homozygous mice to create
DAT:ChR2 mice (six females and four males) and wild-
type littermates (three females and four males) on a
C57Bl6/J background (O’Neill et al., 2017). Mice were
genotyped by standard PCR procedures using a ther-
mal cycler (G-Storm 482) according to the protocols
published by Jackson.

Surgical procedures
Preoperative analgesics included the NSAID meloxicam

(2 mg/kg) administered subcutaneously immediately be-
fore surgery and the opioid buprenorphine (0.1 mg/kg)
administered subcutaneously 1 h before surgery. We
anesthetized mice with inhaled isoflurane (5% for induc-
tion and 1.5–2% for maintenance) and placed them in a
stereotaxic apparatus. We administered an analgesic in-
jection (1% lidocaine, 4 mg/kg) at the incision site, and
attached a lightweight metal head post to the skull using
dental cement (Muniak et al., 2012). A sharpened tung-
sten ground electrode then was cemented into the cere-
bellar or cerebral cortex on the opposite side of the IC
hemisphere under investigation. To gain access to the
brain, we made a craniotomy �2 � 2 mm in diameter
aimed at the IC according to stereotaxic coordinates from
an atlas of the mouse brain (Paxinos and Franklin, 2001).
For iontophoretic and optogenetic experiments, we cov-
ered the craniotomy with bone wax. For freely behaving
experiments, we additionally cemented a dual cannula
(one plastic cannula to guide a recording electrode, and
one metal cannula to guide a drug-delivery syringe) to the
skull targeted over the IC, and lowered a tungsten record-
ing electrode into and cemented it to the plastic cannula.
We finally treated exposed tissue with topical application
of lidocaine gel (3%) and triple antibiotic ointment (neo-
mycin, polymyxin B, and bacitracin), and returned mice to
the home environment for a recovery period of at least 24
h.

Software accessibility
We controlled stimulus generation and data acquisition

via custom-written software (Sparkle) run on an IBM PC
computer with a Windows 7 Professional operating sys-
tem. The code/software described in the paper is freely
available online at https://github.com/portfors-lab/spar-
kle.

Acoustic stimulation
We presented tone bursts (50-ms duration, 3-ms rise/

fall time, 3/s) output through a 16-bit digital-to-analog
converter (500,000 samples/s; National Instruments
2090A), sent through a power amplifier (Parasound HCA-
1000A) to a programmable attenuator (Tucker Davis Tech-
nologies PA5), and routed to a free field speaker (LCY-
K100). For iontophoretic and optogenetic experiments,

we placed the speaker 10 cm from the ear contralateral to
the IC under investigation. For freely behaving experi-
ments, we mounted the speaker onto a plastic cage lined
with sound attenuating foam. To confirm that stimuli did
not contain artifacts, we calibrated the speaker output
over a range of 5–110 kHz using a conditioning amplifier
(Brüel & Kjær 2690) and calibrated microphone (Brüel &
Kjær 4231) positioned at the location or height normally
occupied by the mouse’s ear. Any stimulus distortion
components were buried in the noise floor, at least 50 dB
below the signal level, as determined by power spectral
analysis of the microphone signals.

Recording procedures
Iontophoretic experiments

We administered an intraperitoneal injection of
acepromazine (2 mg/kg) to provide mild sedation, and
then placed the mouse in a foam body mold and secured
its head post to a stereotaxic device housed in a sound-
attenuating chamber (Industrial Acoustics Company). We
obtained extracellular recordings using glass pipettes
(A-M Systems, 0.5- to 1-�m tip diameter, 20- to 30-M�
resistance) filled with 1 M NaCl recording solution. For the
application of pharmacologic agents, we constructed
“piggyback” electrodes (Havey and Caspary, 1980) con-
sisting of the recording pipette glued onto a multi-barreled
glass pipette (20- to 25-�m total tip diameter). We con-
trolled retention and ejection currents for each drug solu-
tion with a micro-iontophoresis unit (Dagan Industries).
While searching for neurons, we applied a retention cur-
rent of �15 nA to minimize drug leakage from the elec-
trode tip. We advanced the electrodes in the brain using a
hydraulic micropositioner (David Kopf Instruments 2650).
Neuronal activity was amplified (Molecular Devices Multi-
clamp 700B), bandpass filtered (120–2000 Hz; Krohn-Hite
3364), and digitized by a 16-bit analog-to-digital converter
(100,000 samples/s; National Instruments 2090A). We
identified auditory-evoked responses by gradually ad-
vancing the electrode through the central nucleus of the
IC while presenting pure tone and white noise bursts.
After the isolation of a single unit and the recording of
baseline responses to the stimulus set in the control
condition, we ejected compounds with currents of �75
nA for a period of 5–20 min. We monitored raw waveforms
on-line and stored them for off-line analysis.

To determine the optimal concentration of dopamine,
we performed concentration curve experiments in which
we constructed seven-barrel piggyback electrodes filled
with five different concentrations of dopamine (0.5, 5, 50,
500, and 5000 mM). One of the remaining barrels was
filled with 1 M NaCl and used as a sum channel to balance
the currents. We randomly applied current through each
barrel to n � 6 neurons, and allowed neuronal responses
to recover to baseline between each concentration. We
observed dose-dependent effects on response rate both
in the increase (n � 2) and decrease (n � 4) directions. To
evaluate the magnitude of the effects of different dopa-
mine concentrations independent of directional effect, we
calculated absolute percentage change relative to base-
line at each concentration divided by the maximum per-
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centage change in each neuron. We observed robust
effects of dopamine on response rate at 500 mM (Fig. 1A).
We did not observe significant magnitude or directional
differences between sexes at this concentration (Fig. 1B,
p � 0.09a).

We also used dopamine at this concentration (500 mM)
as a reference point to evaluate the specificity of the
dopamine receptor agonists and antagonists of interest.
Since dopamine receptor agonists produce effects that
are the same as or similar to dopamine, and since dopa-
mine receptor antagonists oppose the effects of dopamine,
alternative effects suggested that the pharmaceutical of in-
terest produced non-specific effects. When this occurred
we adjusted concentrations until such effects were no
longer observed. Final concentrations used throughout
the study were: dopamine (500 mM), SKF-38393 (SKF; 10
mM), quinpirole (QP; 10 mM), SCH-23390 (5 mM), and
eticlopride (EP; 10 mM). For the remainder of iontopho-
retic experiments, we constructed three-barrel piggyback
electrodes and filled two of the three barrels of with
combinations of pharmacologic agents (all from Sigma-
Aldrich). One barrel always contained dopamine, while the
other barrel contained either the D1 agonist SKF hydro-
bromide, the D2 agonist QP hydrochloride, the D1 antag-
onist SCH-23390 hydrochloride, or the D2 antagonist EP

hydrochloride. The remaining barrel was filled with 1 M
NaCl and used as a sum channel to balance the currents.

Optogenetic experiments
To evoke the release of endogenous dopamine in the IC

and record responses of single units before and after the
dopamine release, we used either a custom-built optrode
consisting of a microelectrode coupled to a glass fiber
(Thomas Recording GmbH, 2.5-�m tip diameter, 10-M�
resistance), or a glass fiber fed into the tip of a glass
pipette (A-M Systems, 0.5- to 1-�m tip diameter, 20- to
30-M� resistance) via the Optopatcher (A-M Systems).
Other than different electrodes, and stimulating the re-
lease of dopamine via blue light instead of applying ex-
ogenous dopamine iontophoretically, the optogenetic
experiments used the same calibrations, recording equip-
ment, and recording protocols as in the iontophoretic
experiments.

To determine the optimal light stimulation parameters,
we varied the pulse duration and wavelength of blue light
(470 nm) through an optrode until we observed effects on
response rate, with the most robust effects occurring with
75-ms pulses delivered at 6 Hz. We then performed in-
tensity curve experiments in which we randomly stimu-
lated at five different intensities of blue light (3.5, 7, 14, 28,

Figure 1. Postsynaptic and presynaptic manipulations of the dopamine system in the IC. A, Exogenous dopamine had a dose-
dependent effect on response rate, with robust effects occurring at 500 mM (n � 6). B, Exogenous dopamine produced no magnitude
or directional differences between sexes at 500 mM (p � 0.09a, n � 60 from females and 58 from males). C, Endogenous dopamine
had a dose-dependent effect on response rate, with robust effects occurring at 42 mW/mm2 in DAT:ChR2 mice (n � 15). Blue light
had no effects in wild-type mice (n � 7). D, Endogenous dopamine produced no magnitude or directional differences between sexes
at 42 mW/mm2 (p � 0.59b, n � 32 from females and n � 37 from males). ns, not-significant.
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and 42 mW/mm2) for each neuron, and allowed neuronal
responses to recover to baseline between each intensity.
To verify that effects were dependent on not only light
intensity but also opsin expression, we recorded single
units in both DAT:ChR2 (n � 15) and wild-type littermate
(n � 7) mice. Methods to compute effect magnitude as a
function of different light intensities were the same as
those in iontophoretic experiments, with the most robust
effects occurring in DAT:ChR2 mice at 42 mW/mm2; no
effects were observed in wild-type mice (Fig. 1C). As was
the case in iontophoretic experiments, we saw no signif-
icant magnitude or directional differences between sexes
at this intensity (Fig. 1D, p � 0.59b).

At the end of the recording session, the mouse was
deeply anesthetized with isoflurane in an induction cham-
ber. We then transcardially perfused the animal using 60
ml of neutral buffered 10% formalin, removed the brain,
and cryoprotected tissue overnight in 20% sucrose solu-
tion in 0.2 M sodium phosphate buffer. We sectioned the
IC coronally at a thickness of 50 �m using a freezing
microtome (Leica Biosystems SM2000R), and collected
sections serially in 0.1 M phosphate buffer. We rinsed
sections three times for 5 min in 0.1 M PBS, incubated
sections in 50% ethanol for 30 min to permeabilize cell
membranes, and again rinsed sections three times for 5
min in 0.1 M PBS. We then incubated sections for 1 h in
blocking buffer [3% normal donkey serum (Millipore) in
PBS], and rinsed sections three times for 10 min in 0.1 M
PBS. We then incubated sections for 2 h in a solution of
rabbit anti-GFP (1:500, Millipore) and 2% normal donkey
serum in PBS. We mounted sections on Superfrost Plus
microscope slides (Fisher Scientific), dehydrated and
cleared sections, and coverslipped with DPX (Electron
Microscopy Sciences). We observed labeling using a con-
focal microscope (Leica Microsystems TCS SP8).

Freely behaving experiments
We briefly anesthetized the experimental mouse in the

induction chamber (�5 min) using isoflurane gas (5%) to
allow for attachment of lightweight wires to the recording
electrode (A-M Systems, 0.5- to 1-�m tip diameter,
12-M� resistance) and ground pin implanted during sur-
gical procedures. We then placed the mouse into a testing
box (45 � 25 cm) lined with foam and fashioned with a
flush-mount speaker, and placed the testing box inside a
sound-attenuating booth (Industrial Acoustics Company).
Recording and calibration equipment and parameters
were the same as in iontophoretic and optogenetic ex-
periments except that neuronal responses were acquired
using a different preamplifier (Dagan Industries). The
length and weight of the attached wires allowed the
mouse to behave freely in the testing box. We monitored
the behavior of the mouse with a computer camera (Log-
itech C615).

Recording began 10 min after the mouse had recovered
from anesthesia and acclimated to the testing box. After
recording baseline responses to different sounds from
populations of neurons, we removed mice from the test-
ing box and briefly anesthetized them (�5 min) using
isoflurane gas (5%) to allow for pressure injection of phar-
macological agents (1 �l administered over the course of

�1.5 min). Since we verified via iontophoretic controls
that observed effects were due to pharmacological ma-
nipulations and not due to non-specific effects of the
drugs or drug delivery, we used the same concentrations
of dopamine (500 mM), QP (10 mM), and EP (10 mM) in
freely behaving experiments. We then returned mice to
the testing box and allowed them to recover. We moni-
tored multi-unit responses over the course of �1 h fol-
lowing drug application. To verify that effects were due to
receptor manipulation and not damage from drug deliv-
ery, we recorded from mice over multiple sessions using
pressure injection of dopamine, agonists/antagonists, or
vehicle.

Experimental design and statistical analysis
To counterbalance between sexes, we non-randomly

selected 38 female and 37 male mice for the study. We
analyzed recorded waveforms and detected spiking
events using a threshold feature that reliably separated
single-unit or multi-unit activity with waveforms from the
noise floor (Sparkle). We determined the characteristic
frequency (CF; defined as the frequency requiring the
lowest sound level to elicit an evoked response to 50% of
the stimulus presentations) and threshold (MT; defined as
the lowest intensity required to elicit a response to 50% of
the stimulus presentations at CF) for each unit. We mea-
sured rate, probability (defined as percentage of presen-
tations that elicited at least one action potential), mean
first spike latency, and jitter (defined as the SD of first
spike latency) in response to CF tone bursts at 10 dB
above MT before and after application of pharmacological
agents or stimulation with blue light.

Statistics were applied using either SSHF (Sparkle) or
graphing software used to generate data plots (Prism,
GraphPad). We performed the Shapiro–Wilk test to de-
termine whether each data set fit a normal distribution,
and evaluated whether all data sets in a group of anal-
yses met this assumption. Because there were no in-
stances in which data from all sets of analyses were
normally distributed, for consistency we used either the
Mann–Whitney U or the Wilcoxon matched-pairs signed
rank test to assess statistical significance in all cases.
Details for each statistical test are provided in Table 1.
The critical significance level for each test was set at �
� 0.05 (�p 	 0.05, ��p 	 0.01, ���p 	 0.001). For
exemplar neurons and dose-response curves we com-
puted within-subjects effects of dopamine manipula-
tion, and values in the text represent the sample mean
and SEM. For population analyses, we computed the
fractional change caused by drug or light treatment in
the response to sound. Values in the text represent the
population mean and SD. Because we did not observe
any sex differences during either iontophoretic or op-
togenetic experiments (Fig. 1B,D), we pooled data from
both sexes for analyses.

Results
We recorded tone-evoked activity from 245 single-units

and three multi-unit sites (�5–10 units at each site) to
investigate how dopamine affects auditory response

New Research 5 of 14

September/October 2019, 6(5) ENEURO.0350-19.2019 eNeuro.org



properties in the IC. Recordings were conducted before,
during, and when possible, following the application of
either dopamine (n � 118; 60 from females and 58 from
males), blue light pulses (n � 69; 32 from females and 37
from males), or dopamine plus selective D1 and D2 re-
ceptor agonists or antagonist (n � 58; 30 from females
and 28 from males). We targeted units where the tone-
evoked response could be clearly distinguished from
spontaneous activity, and observed spiking patterns re-
sembling those previously reported in the central nucleus
of the IC including onset, sustained, pauser, and chopper-
like responses (Wallace et al., 2012).

Pharmacological application of dopamine has
heterogeneous effects on response rate

As has been shown previously (Gittelman et al., 2013),
iontophoretic application of dopamine into the IC of
awake mice produced mixed effects on evoked spiking
rate. Neuronal responses could either decrease (Fig. 2A)
or increase (Fig. 2B), but the majority of neurons showed
decreased spike rate in the presence of exogenous do-
pamine (Fig. 2C). For each neuron, we calculated the
mean spike rate during dopamine application normalized
by the mean spike rate under control conditions and
plotted the percentage effect of dopamine (Fig. 2C). For

Table 1. Statistical table

Data structure Type of test Power
a Not normal Mann–Whitney U 95.05% CI –20.1 to 1.68
b Not normal Mann–Whitney U 95.13% CI –5.29 to 12.53
c Not normal Wilcoxon signed rank 96.48% CI –1.00 to –1.00
d Not normal Wilcoxon signed rank 96.48% CI 0.00 to 1.00
e Normal Wilcoxon signed rank 95.90% CI 9.09 to 20.21
f Not normal Wilcoxon signed rank 97.75% CI –13.64 to 0.00
g Normal Wilcoxon signed rank 95.90% CI –39.50 to –21.35
h Not normal Wilcoxon signed rank 95.90% CI –80.79 to –108.47
i Not normal Wilcoxon signed rank 95.90% CI –39.50 to –21.35
j Normal Wilcoxon signed rank 97.75% CI 10.34 to 45.57
k Not normal Wilcoxon signed rank 96.48% CI 0.00 to 0.00
l Not normal Wilcoxon signed rank 96.15% CI 3.02 to 3.98
m Not normal Wilcoxon signed rank 96.48% CI 0.00 to 0.00
n Not normal Wilcoxon signed rank 95.25% CI –2.58 to –1.06
o Normal Wilcoxon signed rank 97.73% CI 25.92 to 37.44
p Normal Wilcoxon signed rank 96.14% CI –40.80 to –18.87
q Not normal Wilcoxon signed rank 97.73% CI 1.00 to 18.56
r Normal Wilcoxon signed rank 96.14% CI –14.29 to 0.00
s Not normal Wilcoxon signed rank 97.73% CI –25.39 to –8.93
t Normal Wilcoxon signed rank 97.73% CI –57.86 to –13.13
u Not normal Wilcoxon signed rank 96.14% CI 6.88 to 26.76
v Normal Wilcoxon signed rank 96.14% CI 6.14 to 47.44
w Not normal Wilcoxon signed rank 95.72% CI –0.65 to 1.80
x Not normal Wilcoxon signed rank 95.72% CI 0.00 to 1.01
y Normal Wilcoxon signed rank 95.72% CI –1.96 to 0.85
z Normal Wilcoxon signed rank 95.72% CI –0.97 to 6.31
aa Not normal Wilcoxon signed rank 96.48% CI –1.00 to 0.00
bb Not normal Wilcoxon signed rank 96.48% CI 0.00 to 0.00
cc Not normal Wilcoxon signed rank 96.48% CI 0.00 to 0.00
dd Not normal Wilcoxon signed rank 96.48% CI –2.00 to –1.00
ee Not normal Wilcoxon signed rank 96.48% CI –51.14 to –28.02
ff Not normal Wilcoxon signed rank 96.48% CI –51.75 to –30.69
gg Not normal Wilcoxon signed rank 96.09% CI –4.89 to 1.73
hh Not normal Wilcoxon signed rank 96.09% CI –50.51 to –34.15
ii Not normal Wilcoxon signed rank 97.85% CI –57.02 to –38.42
jj Not normal Wilcoxon signed rank 97.85% CI –26.80 to –8.45
kk Not normal Wilcoxon signed rank 99.22% CI –59.51 to –20.93
ll Not normal Wilcoxon signed rank 99.22% CI –1.98 to 6.42
mm Not normal Wilcoxon signed rank 96.09% CI –39.56 to –20.18
nn Not normal Wilcoxon signed rank 96.09% CI –27.27 to –9.40
oo Not normal Wilcoxon signed rank 98.44% CI –2.66 to 3.87
pp Not normal Wilcoxon signed rank 98.44% CI –37.04 to –17.01
qq Not normal Wilcoxon signed rank 96.00% CI –4.00 to –3.00
rr Not normal Wilcoxon signed rank 96.00% CI –3.00 to 0.00
ss Not normal Wilcoxon signed rank 96.00% CI –1.00 to 1.00
tt Not normal Wilcoxon signed rank 96.00% CI 2.00 to 3.00
uu Not normal Wilcoxon signed rank 96.00% CI 3.00 to 4.00
vv Not normal Wilcoxon signed rank 96.00% CI –2.00 to 0.00
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the remainder of the analyses, we maintained the color-
coding relative to response rate, with blue signifying neu-
rons in which dopamine caused a decrease and red
signifying an increase in spiking. The majority of neurons
(65%) showed a significant decrease in evoked firing
following dopamine application (blue 	 90%, p 	 0.05),
whereas 30% showed an increase in firing rate (red �
110%, p 	 0.05). In the six neurons in which evoked firing
changed by 10% or less, the changes were not significant
(black � 90–110%, p � 0.05). We observed CF represen-
tation similar to previous reports in the IC (Saldaña and
Merchán, 1992; Malmierca et al., 1995; Schreiner and
Langner, 1997), with tonotopic organization of CFs rang-
ing from 4 to 63 kHz. We did not observe a clear regional
organization of increase versus decrease effects of dopa-
mine in 118 neurons (Fig. 2D).

Dopamine modulates the responsiveness and timing
of IC neurons

In a subset (n � 48) of the 118 neurons that changed
their response rate with the application of dopamine, we

obtained measures of response probability, latency, and
jitter. Iontophoretic application of dopamine had hetero-
geneous effects as some neurons showed a decrease in
probability and increase in response latency (Fig. 3A),
while others displayed an increase in probability and de-
crease in latency (Fig. 3B). Overall, neurons that exhibited
changes in evoked response rate during dopamine appli-
cation also showed significant changes in response prob-
ability (Fig. 3C), where the direction of the effect on rate
and probability were the same (compare blue circles vs
red circles). Neurons in which dopamine caused a de-
crease in spiking rate also had a significant decrease in
spiking probability (p � 4.66 � 10�10e), while neurons that
increased in rate also increased in probability (p �
0.0078f). Additionally, neurons that displayed a decreased
spiking rate during dopamine application (blue circles)
showed a significant increase in first spike latency (Fig.
3D, p � 5.82 � 10�11 � g) and jitter (Fig. 3E, p � 5.82 �
10�11h), while neurons exhibiting an increased effect of
dopamine on spike rate (red circles) had decreased re-

Figure 2. Exogenous dopamine application heterogeneously alters evoked spiking rate of IC neurons. A, Representative example
neuron in which iontophoretic dopamine application decreased the firing rate (p � 4.74 � 10�7c). The first three panels show
peristimulus time histograms (PSTHs) of the response before (left), during (middle), and following (right) the delivery of dopamine. The
horizontal bars above each PSTH denote the duration of the 27-kHz CF tone presented 100 times at 10 dB above threshold. The last
panel represents the spiking rate at time points over the course of the recording protocol, with the time course of dopamine
application depicted as a bar below the data points. B, Representative example neuron that showed increased firing rate during
iontophoretic dopamine application (p � 2.37 � 10�5d). Same conventions as in A except that the stimulus was a 43-kHz tone. C,
Normalized change in response rate during dopamine application (n � 118). Values �110% represent increases in spiking (red bars,
n � 35), values 	90% represent decreases (blue bars, n � 77), and values between 90% and 110% represent no effect of dopamine
(black bars, n � 6). D, Relationship between electrode depth and CF. Same neurons and color-coding conventions were used as in
C.
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sponse latency (p � 2.44 � 10�4i) and jitter (p � 2.44 �
10�4j).

Optogenetic stimulation of the endogenous
dopamine system produces effects similar to
exogenous dopamine application

Consistent with results from iontophoretic experiments,
optogenetically induced release of endogenous dopa-
mine had heterogeneous effects on spiking rate (Fig.
4A,B). Importantly, application of blue light had no effect
on neuronal responses in wild-type mice even when phar-
macological activation of dopamine receptors did affect
the neuronal response (Fig. 4C). We performed post hoc
processing of IC sections from five DAT:ChR2 mice and
four wild-type littermates to confirm the presence or ab-
sence of ChR2-EYFP. Dense labeling of ChR2-positive
dopamine terminals was identified concentrated near IC
cell bodies (Fig. 4D). We observed CF representation

similar to iontophoretic experiments, with tonotopic orga-
nization of CFs ranging from 4 to 48 kHz. However, we did
observe instances of regional organization of neurons
exhibiting increase versus decrease effects of blue light
stimulation; neurons that respond with an increase over a
certain frequency range were found at a particular depth
range (Fig. 4E). In DAT:ChR2 mice, 92% of neurons (n �
36/39) exhibited significant changes in evoked spike rate
during blue light stimulation (Fig. 4F), with 62% showing a
significant decrease (p � 1.19 � 10�7°) and 31% increas-
ing in response rate (p � 4.88 � 10�4p).

In neurons where there was a significant effect of blue
light on response rate to CF tones, we compared the
effects of light stimulation on response probability, la-
tency, and jitter. Consistent with results from exogenous
application of dopamine, optogenetically induced dopa-
mine release altered response probability in the same
relative direction as response rate (Fig. 4G). Neurons that

Figure 3. Effects of exogenous dopamine on response probability and timing reflect changes in spiking rate of IC neurons. A, Raster
plot of a representative example neuron where the 41-kHz CF tone was presented 100 times at 10 dB above threshold both before
(top) and during dopamine application (bottom). Iontophoretic dopamine application decreased the number of CF presentations to
which the neuron responded (p � 1.16 � 10�10k), and also increased the first spike (represented by blue dots) latency and jitter (p
	 1 � 10�15l). Black dots represent subsequent spikes per presentation. B, Same conventions as in A except the first spike per
presentation is represented by red dots. Dopamine increased CF response probability (p � 4.88 � 10�4m) while decreasing both first
spike latency and jitter (p � 1.67 � 10�5n). C–E, Normalized change in response probability (C), first spike latency (D), and first spike
jitter (E) during dopamine application (n � 48). Dopamine had the same directional effects on response rate and probability, while
having opposite effects on response latency and jitter [compare red (n � 13) vs blue (n � 35)]. �� p 	 0.005; ��� p 	 0.0005.
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Figure 4. Effects of endogenous dopamine in the IC are similar to effects of exogenous dopamine application. A, Representative
example neuron from a DAT:ChR2 mouse in which optogenetically induced dopamine release decreased the firing rate (p � 4.83 �
10�9aa). Same conventions as in Figure 2 except that the stimulus was a 16-kHz tone and dopamine release was evoked with blue
light pulses. B, Representative example neuron from a DAT:ChR2 mouse that showed increased firing rate during stimulation with
blue light (p � 1.71 � 10�4bb). Same conventions as in A except that the stimulus was a 10-kHz tone. C, Representative example
wild-type neuron that had no change in firing rate during stimulation with blue light (p � 0.45cc), although spiking was decreased by
iontophoretic application of dopamine (p 	 1 � 10�15dd). Similar conventions as in A and B except that the stimulus was a 17-kHz
tone, and the rightmost peristimulus time histogram (PSTH) and subsequent quantification reflect the effect of dopamine. D,
Representative example coronal section of the IC from a DAT:ChR2 mouse, with DAT-Cre-EYFP-positive dopamine terminals labeled
green. E, Relationship between electrode depth and CF. In DAT:ChR2 mice, values �110% represent increases in spiking (red circles,
n � 12), values 	90% represent decreases (blue circles, n � 24), and values between 90% and 100% represent no effect of blue light
(gray circles, n � 3). In wild-type mice, blue light stimulation produced no significant effect (black circles, n � 30). F, Normalized
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showed a decrease in rate (blue circles) additionally had a
decrease in probability (p � 9.54 � 10�7q), while neurons
that increased firing (red circles) also increased in re-
sponse probability (p � 0.0039r). Also similar to iontopho-
retically applied dopamine, endogenous dopamine
inversely altered response rate relative to response la-
tency (Fig. 4H) and jitter (Fig. 4I). Neurons that displayed a
decreased spiking rate during dopamine application
showed a significant increase in first spike latency (p �
1.19 � 10�7s) and jitter (p � 3.58 � 10�7t), while neurons
exhibiting an increased effect of dopamine on spike rate
had decreased response latency (p � 4.88 � 10�4u) and
jitter (p � 4.88 � 10�4v). We found no significant effects of
blue light stimulation in n � 30 neurons from wild-type
littermate mice (Fig. 4F–I; p � 0.21w, p � 0.83x, p � 0.35y,
and p � 0.07z, respectively).

D2-like receptors mediate the heterogeneous effects
of dopamine in the IC

To determine the type(s) of dopamine receptors in-
volved in the observed effects of exogenous and endog-
enous dopamine, we applied dopamine and selective
D2/D1 agonists or antagonists to 58 of the original 245
neurons. Because of the length of the experimental par-
adigm applying multiple drugs, we focused our data col-
lection and analyses only on response rate. The D2
agonist QP produced heterogeneous effects on auditory
spiking rate (p � 6.10 � 10�5ee), and dopamine had
effects in the same direction and to a similar degree (Fig.
5A, p � 6.10 � 10�5ff). The D1 agonist SKF had no effect
on spiking rate (p � 0.18gg), but response rate was sig-
nificantly altered by subsequent dopamine application
(Fig. 5B, p � 0.0039hh). The heterogeneous effects of
dopamine (p � 0.002ii) were reversed by the D2 antago-
nist EP, and this effect had a significant overshoot relative
to baseline (Fig. 5C, p � 0.002jj). The effects of dopamine
(p � 0.0078kk) were not affected by the D1 antagonist
SCH (Fig. 5D, p � 0.11ll).

The observed overshoot given EP application sug-
gested that the endogenous dopamine system might be
contributing to baseline measurements. Indeed, initial ap-
plication of EP produced heterogeneous effects on rate (p
� 0.0039mm), and dopamine reversed these effects be-
yond baseline (Fig. 5E, p � 0.0039nn). Activity of endog-
enous dopamine might also result in maximum receptor
occupancy of D1 receptors, which could account for the
lack of effects given SKF application. However, SCH had
no effect on response rate (p � 0.69oo), although spiking
was altered by dopamine in these neurons (Fig. 5F, p �
0.016pp).

Dopamine acts via D2-like receptors to modulate
multiunit activity in the IC of freely behaving mice

To confirm that results from iontophoretic and/or opto-
genetic experiments were not affected by restraint and/or
sedative drugs, we injected dopamine into the IC of three
freely behaving mice. Consistent with single-unit results
from awake, yet sedated and restrained mice, dopamine
altered multi-unit responses in the IC of normally behaving
mice. The example in Figure 6A shows one of two popu-
lations of neurons that had a significant decrease in spik-
ing rate following dopamine application (baseline, 8.66 

0.27 spikes/presentation; dopamine, 5.10 
 0.29 spikes/
presentation; p 	 1 � 10�15qq). Although the global effect
was a decreased response to dopamine injection, appli-
cation of vehicle in a subsequent recording session pro-
duced no significant effects over multiple time points
(baseline, 9.39 
 0.32 spikes/presentation; minimum,
9.12 
 0.42, p � 0.18rr; maximum, 9.58 
 0.37, p �
0.84ss).

To confirm that results from experiments in single IC
neurons reflect the activation/inhibition of D2-type dopa-
mine receptors in the absence of acepromazine, a known
allosteric inhibitor of D2 receptors (Kim et al., 2019), we
compared three conditions (injection of dopamine, a D2
agonist, and a D2 antagonist) in the IC of a freely behaving
mouse. Figure 6B shows that when dopamine increased
multiunit response rate, the D2 agonist QP also increased
response rate (baseline, 5.83 
 0.21 spikes/presentation;
dopamine, 8.57 
 0.24; baseline, 5.19 
 0.27; QP, 8.09 

0.17; p 	 1 � 10�15 for both dopaminett and QPuu). The
D2 antagonist EP, however, had the opposite effect
(baseline, 5.15 
 0.39 spikes/presentation; EP, 2.53 

0.16 spike/presentation; p � 7.22 � 10�9vv). Clearly,
these results indicate that the low level of acepromazine
used in restrained experiments had no major effect on D2
receptors in the IC.

Discussion
The IC receives dopaminergic projections from the SPF

(Nevue et al., 2016a), contains D2-like receptors (Wams-
ley et al., 1989; Weiner et al., 1991), and application of
exogenous dopamine to IC neurons can cause either
increased or decreased neurophysiological responses
(Gittelman et al., 2013). Our results here confirm these
findings and expand on our understanding of how dopa-
mine modulates auditory responses in the IC. Using op-
togenetics, we show that the release of endogenous
dopamine also produces heterogeneous changes to neu-
ronal responses in the IC. Using pharmacological ap-
proaches, we found that the heterogeneous changes in
the IC are modulated by D2-like receptors and not D1
receptors. Application of dopamine in the IC could either

continued
change in response rate with blue light stimulation for the same neurons. In DAT:ChR2 mice, blue light pulses resulted in either a
significant decrease (blue) or increase (red) in evoked response rate. In wild-type mice, blue light stimulation produced no significant
effect (black). G–I, Normalized change in response probability (G), first spike latency (H), and first spike jitter (I) during blue light
stimulation for the same neurons. Similar to dopamine application, blue light had the same directional effects on response rate and
probability, while having inverse effects on response latency and jitter in DAT:ChR2 mice (compare red vs blue). Pulsing blue light had
no effect on these measures in wild-type mice (black). �� p 	 0.005; ��� p 	 0.0005.
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increase or decrease sound-evoked firing rate, probability
of firing, first spike latency, and first spike jitter. Applica-

tion of a D2 agonist had similar effects on neuronal re-
sponses whereas application of either a D1 agonist or
antagonist had no effect. In addition, application of a D2
antagonist altered response properties suggesting that
the endogenous dopaminergic system was active during
our recordings. Overall, our findings provide evidence that
the dopamine system is an important modulator of audi-
tory processing in the IC.

Exogenous and endogenous dopamine produce
similar heterogeneous effects on IC neurons

Pharmacologic and optogenetic manipulation of dopa-
mine could increase or decrease sound-evoked firing
rate, probability of firing, first spike latency, and first spike
jitter of single neurons in the IC. Both endogenous and
exogenous dopamine caused heterogeneous effects,
where neuronal spiking rate and probability were relatively
directionally similar and spiking latency and jitter were
relatively opposite. Additionally, both types of dopamine
manipulation revealed similar proportions of increased
and decreased effects. Such similarities (or differences)
were critical to establish, as iontophoretic application of
pharmacological agents may lead to the spread of drugs
to other neurons, potentially resulting in auditory and/or
dopaminergic feedback loops (Saldaña and Merchán,
1992; Malmierca et al., 1995). Our results demonstrate
that the effects of exogenous dopamine reflect the effects
of endogenous dopamine in the IC.

D2-like receptors mediate the heterogeneous effects
of dopamine on IC neurons

Dopamine signaling relies on the interactions of dopa-
mine with D1- and D2-like dopamine receptors, where
D2-like receptors are typically depressive as they are
coupled to the inhibitory G protein G�i/o (Spano et al.,
1978; Sibley and Monsma, 1992). Consistent with previ-
ous studies showing that the IC expresses D2-like dopa-
mine receptors (Wamsley et al., 1989; Weiner et al., 1991),
our pharmacological results show that the effects of do-
pamine on neurons in the IC are mediated by D2-like
receptors. Interestingly, pharmacological manipulation of
D2-like receptors resulted in heterogeneous effects. Ion-
tophoretic application of both dopamine and a D2 agonist
increased or decreased auditory-evoked responses of
single neurons to tone stimuli, while a D2 antagonist
reversed the effects.

Further, the global effects of dopamine in the IC are in
close agreement with the effects of dopamine on single
neurons in the IC. Our results from multi-unit recordings in
freely behaving mice show that injection of dopamine into
the IC could increase or decrease the responses of pop-
ulations of IC neurons. Activation of D2-like receptors
using a D2 agonist produced effects similar to those of
dopamine while application of a D2 antagonist had oppo-
site effects. These results also provide evidence that
lightly sedating the mouse with acepromazine, a known
D2 antagonist (Monteiro et al., 2007), before single unit
experiments and/or restraining the animal did not ad-
versely affect the results.

In contrast to D2 receptors, D1-like dopamine receptors
are typically facilitatory as they are coupled to the stimu-

Figure 5. Heterogeneous effects of dopamine in the IC are
mediated via D2-like dopamine receptors. A, A D2 agonist (QP)
affected spiking rate in the same direction and to a similar degree
as dopamine (n � 15). B, A D1 agonist (SKF) had no effect on
response rate, but spiking was heterogeneously altered by do-
pamine (n � 9). C, The heterogeneous effects of dopamine were
directionally reversed beyond baseline spiking rate by a D2
antagonist (EP, n � 10). D, The heterogeneous effects of dopa-
mine on response rate were not affected by a D1 antagonist
[SCH 39166 (SCH), n � 8]. E, D2 antagonism with EP produced
heterogeneous effects on evoked spiking, and dopamine re-
versed these effects beyond baseline rate (n � 9). F, D1 antag-
onism with SCH had no effect on response rate, but dopamine
did produce heterogeneous effects on spiking (n � 7). � p 	
0.05; �� p 	 0.005; ��� p 	 0.0005.
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latory G protein G�s/olf (Kebabian, 1978; Surmeier et al.,
2007). While activation of D1-like receptors can induce a
number of modulatory effects via different intracellular
signaling cascades depending on cell type (Rangel-
Barajas et al., 2015), we observed no effects of either a
D1-like agonist or antagonist in 24 IC neurons. Interest-
ingly, a recent study (Fyk-Kolodziej et al., 2015) found
mRNA for each the D1-, D2-, D3-, and D5-specific dopa-
mine receptor in the IC. This could be because gene
expression does not necessarily result in protein expres-
sion. Another potential explanation is that D1-like recep-
tors could be expressed on other types of IC neurons, for
example visual (Mascetti and Strozzi, 1988) and/or so-
matosensory (Aitkin et al., 1981) neurons, and/or ex-
pressed in the external cortex of the IC and not in the
central nucleus where we made our recordings.

Potential explanations for heterogeneous effects of do-
pamine on IC neurons following activation of a single type
of dopamine receptor include activation of D2-like recep-
tors inducing a number of different intracellular cascades.
For example, activation of the D2 receptor can inhibit
(Khurana et al., 2011) or stimulate (Vandecasteele et al.,
2008) the hyperpolarization-activated (Ih) cation current,
which can increase or decrease the excitability of different
cells, respectively. Additionally, D2 receptor activation
can inhibit the calcium-activated potassium current (Ra-
manathan et al., 2008) or can stimulate the transient
A-type potassium current (Perez et al., 2006), which can
increase or decrease the excitability of different cells,
respectively. Another possible explanation for our results
is that activation of different types of D2-like dopamine
receptors, for example D2-specfic versus D3-specific re-
ceptors, can produce opposing effects (Bryce and Flo-
resco, 2019). Finally, the IC receives a number of
excitatory and inhibitory auditory inputs (Saint Marie and
Baker, 1990; Saint Marie, 1996; Merchán et al., 2005;
Nakamoto et al., 2014; Buentello et al., 2015), and also

contains an abundance of interneurons (Oliver et al.,
1991). Thus, the presence of D2-like receptors on excit-
atory IC neurons and/or at excitatory synapses might
result in the observed decreased effects, while activation
of D2-like receptors on inhibitory IC neurons and/or at
inhibitory synapses might produce a form of disinhibition,
thereby producing the observed increased effects of do-
pamine. Understanding the precise mechanisms underly-
ing each action of dopamine will require cellular and
synaptic analyses.

The endogenous dopamine system is active in the IC
Our data demonstrate a basal level of dopamine mod-

ulation occurring in IC neurons. In both restrained mice
and freely behaving mice, we found that application of a
D2-like antagonist following dopamine application re-
sulted in an overshoot of spiking rate beyond that of
baseline, and application of a D2-like antagonist pro-
duced heterogeneous effects that were opposite the ef-
fect of dopamine. These results are consistent with
previous studies demonstrating that injection of a D2-like
antagonist into the IC alters auditory-evoked potentials
recorded in the IC (de Oliveira et al., 2014; Muthuraju
et al., 2014). Additionally, iontophoretic application of a
D2-like antagonist to IC neurons heterogeneously alters
the probability of neuronal firing to novel auditory stimuli
(Valdéz-Baizabal and Malmierca, 2018). Another recent
study (Batton et al., 2018) used electrical and optogenetic
stimulation of SPF neurons to evoke dopamine release in
the IC, as measured by fast scan cyclic voltammetry.
While the technique makes it possible to quantify dopa-
mine release relative to baseline, it cannot measure base-
line dopamine signaling. Investigations using inhibitory
opsins would be helpful in quantifying basal dopamine
levels in the IC.

These previous studies in conjunction with our results
strongly suggest that basal activity of the endogenous

Figure 6. Effects of dopamine on multi-units in the IC of freely behaving mice reflect the effects of dopamine on single IC neurons.
A, Representative example multi-unit recording in which local dopamine injection decreased the firing rate. Same conventions as in
Figures 2, 5 except that the stimulus was a 12-kHz CF tone presented 200 times. The last two panels represent the spiking rate at
time points over the course of the recording protocol, with the delivery of dopamine (left) or vehicle (right) depicted as an arrow. B,
Representative example population of neurons that increased in firing rate given local dopamine injection. Same conventions as in A
including that the stimulus coincidentally was also a 12-kHz tone, but the last panel represents spiking rate following injection of QP
(upward triangles) or EP (downward triangles).
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dopamine system in the IC contributes to baseline mea-
surements of IC neurons. However, given that optoge-
netic induction of endogenous dopamine release, as well
as pharmacologic application of dopamine and/or D2-like
agonists, can result in significant effects, it is evident that
such basal dopamine activity does not produce maximal
physiologic effects. Combined, these results indicate that
the dopamine system can be further activated, and/or
perhaps suppressed, likely given the activity of inputs to
the SPF, the source of dopamine in the IC.

Potential functional relevance of dopamine
modulation in the IC

While behavioral studies are required to understand the
precise functional role of dopamine signaling in the IC,
understanding how dopamine modulates auditory re-
sponses of IC neurons is likely to be an integral part of
understanding and interpreting results from behavioral
studies. The IC contains both tyrosine hydroxylase-
positive terminals (Tong et al., 2005) originating from the
SPF (Nevue et al., 2016a), as well as D2-like dopamine
receptors (Wamsley et al., 1989; Weiner et al., 1991),
providing the machinery necessary for endogenous do-
pamine modulation in the IC. Based on work in other brain
areas, endogenous dopamine levels can increase or de-
crease in response to novel or behaviorally salient stimuli,
such as cues that predict reward or that occur in a social
context (Aragona et al., 2003; Sasaki et al., 2006; Schultz
2010; Flagel et al., 2011). While these effects are associ-
ated with midbrain dopamine neurons, nothing is known
about what makes SPF dopamine neurons fire. However,
previous studies in the IC have shown that auditory re-
sponses are modulated by attention (Rinne et al., 2008)
and reward-based learning (Metzger et al., 2006), sug-
gesting that endogenous dopamine signaling in the IC
may function to help modulate auditory processing de-
pending on behavioral context; it would be advantageous
for the auditory system to modulate its neuronal proper-
ties to selectively enhance processing of behaviorally rel-
evant auditory stimuli while simultaneously reducing
sensitivity to other auditory inputs, such as environmental
sounds. Our finding that dopamine modulates neurophys-
iological response properties in the IC provides further
evidence that endogenous dopamine may contribute to
various forms of behavior-related modulation of sensory
processing.

References
Aitkin LM, Kenyon CE, Philpott P (1981) The representation of the

auditory and somatosensory systems in the external nucleus of the
cat inferior colliculus. J Comp Neurol 196:25–40.

Angwin AJ, Copland DA, Chenery HJ, Murdoch BE, Silburn PA
(2006) The influence of dopamine on semantic activation in Par-
kinson’s disease: evidence from a multipriming task. Neuropsy-
chology 20:299–306.

Aragona BJ, Liu Y, Curtis JT, Stephan FK, Wang Z (2003) A critical
role for nucleus accumbens dopamine in partner-preference for-
mation in male prairie voles. J Neurosci 23:3483–3490.

Ariatti A, Benuzzi F, Nichelli P (2008) Recognition of emotions from
visual and prosodic cues in Parkinson’s disease. Neurol Sci 29:
219–227.

Batton AD, Blaha CD, Bieber A, Lee KH, Boschen SL (2018) Stimu-
lation of the subparafascicular thalamic nucleus modulates dopa-
mine release in the inferior colliculus of rats. Synapse 73:e22073.

Belin P, Zatorre RJ, Lafaille P, Ahad P, Pike B (2000) Voice-selective
areas in human auditory cortex. Nature 403:309–312.

Bender KJ, Ford CP, Trussell LO (2010) Dopaminergic modulation of
axon initial segment calcium channels regulates action potential
initiation. Neuron 68:500–511.

Bryce CA, Floresco SB (2019) Alterations in effort-related decision-
making induced by stimulation of dopamine D1, D2, D3, and
corticotropin-releasing factor receptors in nucleus accumbens
subregions. Psychopharmacology (Berl) 236:2699–2712.

Buentello DC, Bishop DC, Oliver DL (2015) Differential distribution of
GABA and glycine terminals in the inferior colliculus of rat and
mouse. J Comp Neurol 523:2683–2697.

Dara C, Monetta L, Pell MD (2008) Vocal emotion processing in
Parkinson’s disease: reduced sensitivity to negative emotions.
Brain Res 1188:100–111.

Dawes P, Emsley R, Cruickshanks KJ, Moore DR, Fortnum H,
Edmondson-Jones M, McCormack A, Munro KJ (2015) Hearing
loss and cognition: the role of hearing AIDS, social isolation and
depression. PLoS One 10:e0119616.

de Oliveira AR, Colombo AC, Muthuraju S, Almada RC, Brandão ML
(2014) Dopamine D2-like receptors modulate unconditioned fear:
role of the inferior colliculus. PLoS One 9:e104228.

DeWitt I, Rauschecker JP (2012) Phoneme and word recognition in
the auditory ventral stream. Proc Natl Acad Sci USA 109:E505–
E514.

Dromey C, Adams S (2000) Loudness perception and hypophonia in
Parkinson disease. J Med Speech Lang Pathol 8:255–259.

Flagel SB, Clark JJ, Robinson TE, Mayo L, Czuj A, Willuhn I, Akers
CA, Clinton SM, Phillips PE, Akil H (2011) A selective role for
dopamine in stimulus-reward learning. Nature 469:53–57.

Fyk-Kolodziej BE, Shimano T, Gafoor D, Mirza N, Griffith RD, Gong
TW, Holt AG (2015) Dopamine in the auditory brainstem and
midbrain: co-localization with amino acid neurotransmitters and
gene expression following cochlear trauma. Front Neuroanat 9:88.

Gittelman JX, Perkel DJ, Portfors CV (2013) Dopamine modulates
auditory responses in the inferior colliculus in a heterogeneous
manner. J Assoc Res Oto 14:719–729.

Gräber S, Hertrich I, Daum I, Spieker S, Ackermann H (2002) Speech
perception deficits in Parkinson’s disease: underestimation of time
intervals compromises identification of durational phonetic con-
trasts. Brain Lang 82:65–74.

Happel MF, Deliano M, Handschuh J, Ohl FW (2014) Dopamine-
modulated recurrent corticoefferent feedback in primary sensory
cortex promotes detection of behaviorally relevant stimuli. J Neu-
rosci 34:1234–1247.

Havey D, Caspary DM (1980) A simple technique for constructing
piggy-back multibarrel microelectrodes. Electroencephalogr Clin
Neurophysiol 45:249–251.

Ho AK, Bradshaw JL, Iansek R (2000) Volume perception in Parkin-
sonian speech. Movement Disord 15:1125–1131.

Kebabian JW (1978) Multiple classes of dopamine receptors in mam-
malian central nervous system: the involvement of dopamine-
sensitive adenylyl cyclase. Life Sci 23:479–483.

Kim S, Chen J, Cheng T, Gindulyte A, He J, He S, Li Q, Shoemaker
BA, Thiessen PA, Yu B, Zaslavsky L, Zhang J, Bolton EE (2019)
National Center for Biotechnology Information. PubChem Data-
base. Acepromazine, CID�6077. Available at https://pub-
chem.ncbi.nlm.nih.gov/compound/Acepromazine.

Khurana S, Remme MW, Rinzel J, Golding NL (2011) Dynamic inter-
action of Ih and IK-LVA during trains of synaptic potentials in
principal neurons of the medial superior olive. J Neurosci 31:8936–
8947.

LeDoux JE, Ruggiero DA, Reis DJ (1985) Projections to the subcor-
tical forebrain from anatomically defined regions of the medial
geniculate body in the rat. J Comp Neurol 242:182–213.

Li C, Zhang X, Hoffman HJ, Cotch MF, Themann CL, Wilson MR
(2014) Hearing impairment associated with depression in US

New Research 13 of 14

September/October 2019, 6(5) ENEURO.0350-19.2019 eNeuro.org

https://pubchem.ncbi.nlm.nih.gov/compound/Acepromazine
https://pubchem.ncbi.nlm.nih.gov/compound/Acepromazine


adults, National Health and Nutrition Examination Survey 2005-
2010. JAMA Otolaryngol Head Neck Surg 140:293–302.

Malmierca MS, Rees A, Le Beau FE, Bjaalie JG (1995) Laminar
organization of frequency-defined local axons within and between
the inferior colliculi of the guinea pig. J Comp Neurol 357:124–44.

Mascetti GG, Strozzi L (1988) Visual cells in the inferior colliculus of
the cat. Brain Res 442:387–390.

Medina J, Weintraub S (2007) Depression in primary progressive
aphasia. J Geriatr Psych Neur 20:153–160.

Merchán M, Aguilar LA, Lopez-Poveda E, Malmierca M (2005) The
inferior colliculus of the rat: quantitative immunocytochemical
study of GABA and glycine. Neuroscience 136:907–925.

Metzger RR, Greene NT, Porter KK, Groh JM (2006) Effects of reward
and behavioral context on neural activity in the primate inferior
colliculus. J Neurosci 26:7468–7476.

Monteiro ER, Teixeira Neto FJ, Castro VB, Campagnol D (2007)
Effects of acepromazine on the cardiovascular actions of dopa-
mine in anesthetized dogs. Vet Anaesth Analg 34:312–321.

Monzani D, Galeazzi GM, Genovese E, Marrara A, Martini A (2008)
Psychological profile and social behaviour of working adults with
mild or moderate hearing loss. Acta Otorhinolaryngol Ital 28:61–
66.

Muniak MA, Mayko ZM, Ryugo DK, Portfors CV (2012) Preparation of
an awake mouse for recording neural responses and injecting
tracers. J Vis Exp 64:3755.

Muthuraju S, Nobre MJ, Saito VM, Brandao ML (2014) Distinct
effects of haloperidol in the mediation of conditioned fear in the
mesolimbic system and processing of unconditioned aversive in-
formation in the inferior colliculus. Neuroscience 261:195–206.

Nakamoto KT, Mellott JG, Killius J, Storey-Workley ME, Sowick CS,
Schofield BR (2014) Ultrastructural characterization of GABAergic
and excitatory synapses in the inferior colliculus. Front Neuroanat
8:108.

Nevue AA, Elde CJ, Perkel DJ, Portfors CV (2016a) Dopaminergic
input to the inferior colliculus in mice. Front Neuroanat 9:168.

Nevue AA, Felix IIR, Portfors CV (2016b) Dopaminergic projections of
the subparafascicular thalamic nucleus to the auditory brainstem.
Hearing Res 341:202–209.

Oliver DL, Kuwada S, Yin TCT, Haberly LB, Henkel CK (1991) Den-
dritic and axonal morphology of HRP-injected neurons in the
inferior colliculus of the cat. J Comp Neurol 303:75–100.

O’Neill B, Patel JC, Rice ME (2017) Characterization of optically and
electrically evoked dopamine release in striatal slices from digenic
knock-in mice with DAT-driven expression of channelrhodopsin.
ACS Chem Neurosci 8:310–319.

Paloff AM, Usunoff KG (2000) Tyrosine hydroxylase-like immunore-
active synaptic boutons in the inferior colliculus of the cat. Ann
Anat 182:423–426.

Paxinos G, Franklin K (2001) The mouse brain in stereotaxic coordi-
nates, Ed 2. San Diego, CA: Academic Press.

Perez MF, White FJ, Hu XT (2006) Dopamine D(2) receptor modula-
tion of K(�) channel activity regulates excitability of nucleus ac-
cumbens neurons at different membrane potentials. J
Neurophysiol 96:2217–2228.

Ramanathan S, Tkatch T, Atherton JF, Wilson CJ, Bevan MD (2008)
D2-like dopamine receptors modulate SKCa channel function in
subthalamic nucleus neurons through inhibition of Cav2.2 chan-
nels. J Neurophysiol 999:442–459.

Rangel-Barajas C, Coronel I, Florán B (2015) Dopamine receptors
and neurodegeneration. Aging Dis 6:349–368.

Rinne T, Balk MH, Koistinen S, Autti T, Alho K, Sams M (2008)
Auditory selective attention modulates activation of human inferior
colliculus. J Neurophysiol 100:3323–3327.

Saint Marie RL (1996) Glutamatergic connections of the auditory mid-
brain: selective uptake and axonal transport of D-[3H]aspartate. J
Comp Neurol 373:255–70.

Saint Marie RL, Baker RA (1990) Neurotransmitter-specific uptake
and retrograde transport of [3H]glycine from the inferior colliculus
by ipsilateral projections of the superior olivary complex and nuclei
of the lateral lemniscus. Brain Res 524:244–53.

Saldaña E, Merchán MA (1992) Intrinsic and commissural connec-
tions of the rat inferior colliculus. J Comp Neurol 319:417–37.

Sasaki A, Sotnikova TD, Gainetdinov RR, Jarvis ED (2006) Social
context-dependent singing-related dopamine. J Neurosci 35:
9010–9014.

Satake S, Yamada K, Melo LL, Barbosa SR (2012) Effects of micro-
injections of apomorphine and haloperidol into the inferior collicu-
lus on prepulse inhibition of the acoustic startle reflex in rat.
Neurosci Lett 509:60–63.

Schreiner CE, Langner G (1997) Laminar fine structure of frequency
organization in auditory midbrain. Nature 388:383–386.

Schröder C, Nikolova ZT, Dengler R (2010) Changes of emotional
prosody in Parkinson’s disease. J Neurol Sci 289:32–35.

Schultz W (2010) Dopamine signals for reward value and risk: basic
and recent data. Behav Brain Funct 6:24.

Sibley DR, Monsma FJ Jr (1992) Molecular biology of dopamine
receptors. Trends Pharmacol Sci 13:61–69.

Spano PF, Govoni S, Trabucchi M (1978) Studies on the pharmaco-
logical properties of dopamine receptors in various areas of the
central nervous system. Adv Biochem Psychopharmacol 19:155–
165.

Surmeier DJ, Ding J, Day M, Wang Z, Shen W (2007) D1 and D2
dopamine-receptor modulation of striatal glutamatergic signaling
in striatal medium spiny neurons. Trends Neurosci 30:228–235.

Takada M, Li ZK, Hattori T (1988) Single thalamic dopaminergic
neurons project to both the neocortex and spinalcord. Brain Res
455:346–352.

Tong L, Altschuler RA, Holt AG (2005) Tyrosine hydroxylase in rat
auditory midbrain: distribution and changes following deafness.
Hearing Res 206:28–41.

Toro C, Trapani JG, Pacentine I, Maeda R, Sheets L, Mo W, Nicolson
T (2015) Dopamine Modulates the Activity of Sensory Hair Cells. J
Neurosci 35:16494–16503.

Valdéz-Baizabal C, Malmierca MS (2018) Dopaminergic modulation
of stimulus-specific adaptation in the inferion colliculus of the rat.
Poster presented at: Association for Research in Otolaryngology,
San Diego, CA.

Vandecasteele M, Glowinski J, Deniau JM, Venance L (2008) Chem-
ical transmission between dopaminergic neuron pairs. Proc Natl
Acad Sci USA 105:4904–4909.

Wallace MN, Shackleton TM, Palmer AR (2012) Morphological and
physiological characteristics of laminar cells in the central nucleus
of the inferior colliculus. Front Neural Circuits 6:55.

Wamsley JK, Gehlert DR, Filloux FM, Dawson TM (1989) Comparison
of the distribution of d-1 and d-2 dopamine receptors in the rat
brain. J Chem Neuroanat 2:119–137.

Wang JJ, Palkovits JM, Usdin JTB, Dobolyi JA (2006) Afferent con-
nections of the subparafascicular area in rat. Neuroscience 138:
197–220.

Weiner DM, Levey AI, Sunahara RK, Niznik HB, O’Dowd BF, Seeman
P, Brann MR (1991) D1 and d2 dopamine receptor mrna in rat
brain. Proc Natl Acad Sci USA 88:1859–1863.

Yasui Y, Nakano K, Mizuno N (1992) Descending projections from
the subparafascicular thalamic nucleus to the lower brainstem in
the rat. Exp Brain Res 90:508–518.

New Research 14 of 14

September/October 2019, 6(5) ENEURO.0350-19.2019 eNeuro.org


	Dopamine Acts via D2-Like Receptors to Modulate Auditory Responses in the Inferior Colliculus<su ...
	Introduction
	Materials and Methods
	Subjects
	Surgical procedures
	Software accessibility
	Acoustic stimulation
	Recording procedures
	Iontophoretic experiments
	Optogenetic experiments
	Freely behaving experiments

	Experimental design and statistical analysis

	Results
	Pharmacological application of dopamine has heterogeneous effects on response rate
	Dopamine modulates the responsiveness and timing of IC neurons
	Optogenetic stimulation of the endogenous dopamine system produces effects similar to exogenous  ...
	D2-like receptors mediate the heterogeneous effects of dopamine in the IC
	Dopamine acts via D2-like receptors to modulate multiunit activity in the IC of freely behaving  ...

	Discussion
	Exogenous and endogenous dopamine produce similar heterogeneous effects on IC neurons
	D2-like receptors mediate the heterogeneous effects of dopamine on IC neurons
	The endogenous dopamine system is active in the IC
	Potential functional relevance of dopamine modulation in the IC


	References

